Allozyme genetic variation in 12 populations of the endangered Castanea pumila var. pumila (Allegheny chinkapin), sampled across the natural range of the species in the United States, was evaluated using 11 loci from seven enzyme systems. At the species level, the percentage of polymorphic loci (P s ) was 72´7 %, the mean number of alleles per locus (A s ) was 1´9, the mean number of alleles per polymorphic locus (AP s ) was 2´3, the effective number of alleles per locus (A es ) was 1´5 and the genetic diversity (H es ) was 0´296. At the population level, P p = 49´2 %, A p = 1´5, A ep = 1´4, AP p = 2´1 and H ep = 0´21. Most of the allozyme variation (70 %) in C. pumila var. pumila occurred within populations. Wright's gene¯ow rate [N m (W)] was as low as 0´57. Population differentiation along the species range was not detected. Populations of C. pumila var. pumila in Florida had the most variable levels of genetic diversity, but populations in Virginia and Mississippi also showed high levels. Based on the results of this study, conservation management strategies are discussed.
INTRODUCTION
Castanea pumila Mill. var. pumila (Allegheny chinkapin) is endemic to the south-eastern United States and is widely distributed along the Appalachian mountain range south to Florida and Texas (Johnson, 1988) . Chestnut blight, caused by Cryphonectria parasitica (Murrill) M.E.Barr, has dramatically destroyed the American chestnut [C. dentata (Marsh.) Borkh.] and severely affected the Ozark chinkapin [C. pumila var. ozarkensis (Ashe) G.E.Tucker], but C. pumila var. pumila exhibits slight resistance, although heavily cankered trees have been found in Florida and Alabama (Paillet, 1993; Fulbright, 1999) . Unlike other Castanea taxa, C. pumila var. pumila is of little economic importance for nut and timber production because of its small nut and tree size. Its main use has been as rootstock for chestnut breeding and it provides a food source for wildlife. This species has long been neglected and conservation strategies need to be developed (Johnson, 1987; Payne et al., 1994) .
Taxonomic studies by Johnson (1988) indicated that C. pumila var. pumila and var. ozarkensis can be considered as varieties of American chinkapin, characterized by one nut per two-valved cupule. The varieties have similar vegetative and reproductive characters, including leaf, bud, twig and fruit characteristics, but differ in morphological traits and distribution as well as in their level of resistance to chestnut blight (Johnson, 1988) . Castanea pumila var. pumila is a stoloniferous or non-stoloniferous shrub or tree up to 15 m tall with one to ®ve cupules at the base of an androgynous spike, variable leaf shapes, leaf blades of 4´1±21´7 Q 1´5± 8´3 cm, and with a seldom acuminate or long-acuminate apex. In contrast, C. pumila var. ozarkensis is a large, multistemmed shrub or tree up to 20 m tall with ®ve to eight cupules at the base of an androgynous spike, leaf blades of 4´3±26´6 Q 2´0±9´3 cm and an acuminate or long-acuminate apex (Johnson, 1988; Payne et al., 1994) . Owing to their differing levels of resistance to chestnut blight, C. pumila var. pumila is more widely distributed, while C. pumila var. ozarkensis is limited to the Ozark Plateau and most trees have been reduced to small stump sprouts (Johnson, 1987; Payne et al., 1994; Dane, pers. obs.) .
Genetic variability of species is determined by geographical conditions, ecological factors, mating systems and also by historical events such as glacial periods (Hamrick et al., 1992; Dumolin-Lapegue et al., 1997; Booy et al., 2000) . In forest species, genetic variability is usually lower in marginal populations than in populations located more centrally or in the vicinity of ancient glacial refuges. Such a decrease in genetic variability towards species margins has been reported for Fagus (Demesure et al., 1996) and Quercus species (Dumolin-Lapegue et al., 1997) .
Allozyme markers have been used extensively since the mid-1960s to study genetic diversity and genetic structure (McDonald and Hamrick, 1996; Godt and Hamrick, 1998) , gene¯ow and genetic drift (Campbell, 1991) , and hybridization and phylogenetics (Krutovskii and Bergmann, 1995) . In chestnut, the mode of inheritance of allozymes has been studied in European sweet chestnut (C. sativa Mill.; Fineschi et al., 1990 Fineschi et al., , 1991 , and in Chinese chestnut (C. mollissima Bl.) and C. dentata (Huang et al., 1994a) . Villani et al. (1991a, b) evaluated allozyme diversity and genetic structure in C. sativa populations and hypothesized that eastern Turkey is one of the centres of origin of this species. Research on allozyme diversity in chestnut species by Huang et al. (1994b) revealed high levels of expected heterozygosity (H e = 0´305) for C. mollissima, and lower levels for Seguin chestnut (C. seguinii Dode; H e = 0´203) and C. dentata (H e = 0´183). These results were con®rmed in later studies (Huang et al., 1998; Lang and Huang, 1999) , and showed that the Changjiang river region of P.R. China, especially the Shennongjia area, was the origin of C. mollissima. In recent research on C. pumila var. ozarkensis, Dane et al. (1999) detected genetic diversity (H e ) of 0´272, higher than that previously reported for C. dentata.
Allozyme variation at the species and population level has been neglected in C. pumila var. pumila compared with other Castanea species. The present study addressed the following questions: (1) what is the genetic variability of C. pumila var. pumila in comparison with other Castanea species; (2) do populations have signi®cantly different levels of genetic variation; (3) can migration patterns along the natural geographical distribution be detected; and (4) can this information be used to develop appropriate conservation strategies for C. pumila var. pumila?
MATERIALS AND METHODS

Plant material
In autumn 1998 and 1999, 12 C. pumila var. pumila populations were sampled from along its natural distribution in Alabama (populations from Uchee, AL-U, and Mobile, AL-M), Mississippi (population MS from Saucier), Ohio (population OH from a naturalized stand in east Ohio), Florida (six populations: FL-B, FL-D, FL-E, FL-G, FL-I and FL-L from Eglin Air Force Base) and Virginia (two populations VA and VB from Iron Mountain) (Fig. 1) . Some of the natural populations were small, consisting of several trees only. Two to 30 trees were sampled in each population, and open-pollinated nuts were randomly collected from each individual tree. If nuts were not available, several twigs with dormant buds were collected because nut and dormant bud tissues give the best and most reproducible F I G . 1. Collection sites (stars) of Castanea pumila var. pumila populations used in this study.
allozyme de®nition (Huang, 1993) . When possible, leaf, nut and cupule characteristics of individual trees were recorded.
Allozyme analysis
Allozymes were extracted from individual nut or dormant bud tissue from each tree. Four to 12 randomly selected open-pollinated nuts or one sample of dormant bud tissue were analysed per tree. Samples were ground with 0´5 ml 2 % glycine extraction buffer (pH 8´6) per mg of fresh nut tissue or with 3 ml 0´1 M phosphate extraction buffer (pH 7´2) per mg of fresh bud tissue. Extracts were incubated at 4°C for at least 60 min and centrifuged for 3 min at 10 000 g (Eppendorf Centrifuge 5415C; Brinkman Instruments, Westbury, NY, USA). Electrophoresis was performed on precast isoelectric focusing agarose gels (Hypure Gel FS-5080, pH 4±6; EG&G WALLAC, Akron, OH, USA) at 40 W for about 60 min at 12±15°C after loading 8´5 ml supernatant per well. Gels were assayed for nine enzyme systems: acid phosphatase (ACP), alcohol dehydrogenase (ADH), aconitase (ACO), diaphorase (DIA), esterase (EST), malic enzyme (ME), peroxidase (PRX), shikimate dehydrogenase (SKD), superoxide dismutase (SOD) and phosphoglucoisomerase (PGI). The staining procedures followed were those of Wendel and Weeden (1989) with minor modi®cations according to staining methods provided by Hypure. The following loci were scored where possible: Acp-2, Acp-4, Adh, Aco, Dia-1, Dia-6, Est-3, Est-4, Me, Prx-4, Skd-1, Skd-2, Pgi-2 and Sod-1.
Genotype data analysis
A series of genetic parameters was used to calculate genetic diversity within populations and species (Berg and Hamrick, 1997) using BIOSYS-1 developed by Swofford and Selander (1981) . These parameters were: percentage of polymorphic loci (P p , P s ), mean number of alleles per locus (A p , A s ), mean number of alleles per polymorphic locus (AP p , AP s ), effective number of alleles per locus (A ep , A es ), observed heterozygosity within population (H o ) and Nei's (1978) unbiased estimate of expected heterozygosity under Hardy±Weinberg equilibrium (H ep , H es ), where subscripts s' and`p' indicate species and population level, respectively.
Partitioning of genetic diversity was estimated using Nei's genetic diversity statistics (Nei, 1973 (Nei, , 1977 (Nei, , 1978 . Total genetic diversity (H T ), within-population genetic diversity (H S ), among-population genetic diversity (D ST ), and proportion of total genetic diversity occurring among populations (G ST ) were calculated for each polymorphic locus. Based on the ®xation index among populations (F ST ) (or G ST ) values, indirect estimates of gene¯ow (N m , number of migrants per generation) were computed using Wright's formula: F ST = 1/(1 + 4N m ) (Wright, 1951) .
Populations were analysed for deviation from Hardy± Weinberg equilibria at each variable locus using Chi-square tests performed using BIOSYS-1 (Swofford and Selander, 1981) , as well as Wright's ®xation index (F IS ) for all loci and populations and a Chi-square test to detect deviation of the ®xation indices from zero. Expected genotype frequencies were calculated using Levene's correction for small sample size (Levene, 1949) . For loci consisting of more than two alleles at a locus, Chi-square tests with pooling were used (Swofford and Selander, 1981) .
For small numbers of individuals in populations, Nei's (1978) unbiased genetic identities, I, and unbiased genetic distances, D, were estimated. A dendrogram based on unbiased genetic distance was constructed using the unweighted pair-group method using arithmetic averages (UPGMA) (BIOSYS-1; Swofford and Selander, 1981) .
RESULTS
Morphological variation
Several populations of C. pumila var. pumila were located in the open-canopied pine forests of north-west Florida to Mississippi. Leaves collected from trees from the Florida sandhills were consistently smaller (mean 2´3 Q 7´9 cm) than those collected from other C. pumila var. pumila populations (VA and VB: 4´3 Q 12´0 cm; AL-U: 4´0 Q 11´3 cm). Burs with multiple nuts were detected at low frequency in all populations.
Allozyme variation
An overall pattern of widespread sharing of allozyme alleles was found in C. pumila var. pumila populations (Table 1) . A rare allele, Dia-1c, previously identi®ed in C. pumila var. ozarkensis (Dane et al., 1999) , was detected in samples from populations AL-M, MS, FL-B, FL-D and FL-E. Alleles Dia-1b and Dia-1c were found in six of the 12 populations and ®ve of the 12 populations, respectively. Allele Prx-4a was detected in all populations except OH, whereas Prx-4b was found in eight populations. Acp-4c was found in only two populations, AL-M and FL-D. Eight loci (Dia-1, Aco, Acp-2, Acp-4, Prx-4, Est-4, Est-5, Skd-1 and Skd-2) were polymorphic in at least some of the populations, and three loci, Sod-1, Dia-6 and Pgi-1, were monomorphic (Table 1) .
Among the 12 populations, no population harboured all 18 alleles. Population VA exhibited 88´9 % of the alleles (16), and populations FL-I and OH each maintained the fewest alleles (11). Most of the alleles were common and widespread (allele frequency >5 %, found in >10 % of the populations; Marshall and Brown, 1981) .
Estimates of genetic diversity
Genetic parameters estimated using one randomly selected nut per tree or bud samples are shown in Table 2 . At the species level, the percentage of polymorphic loci (P s ) was 72´7 %, the mean number of alleles per polymorphic locus (AP s ) was 2´3 and the effective number of alleles per locus (A es ) was 1´5. The expected genetic diversity was 0´296. At the population level, values of P p , AP p and A ep were 49´2 %, 2´1 and 1´4, respectively. The percentage of polymorphic loci ranged from 27´3 % for populations OH and FL-I to 72´7 % for population VA. The mean number of alleles per polymorphic locus varied from 2´0 to 2´4, and the effective number of alleles per locus from 1´2 to 1´5. The mean genetic diversity at the population level (H ep ) was 0´205 T 0´052 (mean T s.d.), ranging from a low of 0´114 T 0´062 detected in the naturalized population OH to a high of 0´285 T 0´071 in population MS. Similarly high values of genetic diversity were detected in populations FL-B and VA (0´275 and 0´262, respectively). Genetic diversity values were higher when the number of allozyme loci was increased from 11 in population VA and VB [H e(VA) = 0´262, H e(VB) = 0´207) to 16 [H e(VA) = 0´283, H e(VB) = 0´226]. North-west Florida was the most variable resource for Castanea pumila var. pumila. The percentage of polymorphic loci (P p ) for the six Florida populations investigated ranged from 27´3 to 63´6 %, AP p ranged from 2´0 to 2´4, A ep from 1´2 to 1´5 and H ep from 0´136 to 0´275.
Signi®cant heterogeneity in allele frequency was found among populations. Chi-square tests for heterogeneity of allele frequency showed that allele frequencies among populations were signi®cantly different for all eight polymorphic loci. Populations were tested for conformity to the Hardy±Weinberg equilibrium at each variable locus, and results indicated that loci Dia-1 and Acp-4 deviated signi®cantly from the Hardy±Weinberg equilibrium in three populations, loci Prx-4 and Acp-2 in one population each, Est-3 and Skd-2 in four populations each, and Est-4 and Skd-1 in two populations each (Table 3) .
Genotype analysis of six populations was also conducted using several nuts per tree to study the occurrence of nonrandom mating and to estimate outcrossing rates. While the percentage of polymorphic loci per population increased, observed heterozygosity decreased in the smaller populations (AL-U and OH), but increased in the larger Virginia populations (Table 4) . Allele frequencies and expected heterozygosity values were not affected by an increase in the number of nut samples per tree. Estimates of outcrossing rates varied from 0´61 for population VA to 1´13 in FL-D (Table 4) .
Population structure and gene¯ow
Differentiation among populations was estimated using Nei's statistics (Nei, 1973 (Nei, , 1978 . Seventy per cent of the diversity resided within populations (G ST = 0´30 calculated 0´857  0´000  0´483  0´500  0´735  0´925  0´875  1´000  0´750  1´000  0´818  0´781  b  0´143  1´000  0´517  0´500  0´265  0´075  0´125  0´000  0´250  0´000  0´182  0´219  Deviation n.s. *** n.s. n.s. *** n.s. n.s. * * *** P < 0´001, ** P < 0´01, * P < 0´05, n.s., non-signi®cant.
only for polymorphic loci). Among the eight polymorphic loci, G ST ranged from 0´111 for locus Acp-4 to 0´557 for locus Est-3 (Table 5 ). The high G ST value of 0´30 indicated that C. pumila var. pumila populations are highly differentiated and isolated. A low level of gene¯ow (N m ) was detected, 0´57 migrant per generation. In the UPGMA cluster analysis (Fig. 2) , large variation in genetic identity (I = 0´696±1´000) and distance (D = 0´000± (Nei, 1978) . (Nei, 1978) ; t, outcrossing rate, estimated using the equation F e = (1 ± t)/(1 + t) and F e = (H e ± H o )/H e (Berg and Hamrick, 1992) . 0´512) were observed (data not shown). Population AL-M had the lowest identity to the other populations. The 12 populations were separated into two distinct groups. Group 1 consisted of population AL-M only. Group 2 was separated into two main branches, the ®rst consisted of the Alabama population AL-U, Florida populations FL-G, FL-I and FL-L, and Virginia populations VA and VB, and the second of Florida populations FL-B, FL-D and FL-E, and Mississippi population MS. The naturalized OH population, which originated from nuts collected in Virginia (G. Miller, pers. comm.), showed high identity to the Virginia populations.
Migration patterns
Population divergence in allele frequency was studied at two levels: divergence in allele frequency between populations and divergence in allele occurrence (Bradshaw, 1975) . Because several of the natural C. pumila var. pumila populations investigated in this study are small and are threatened with extinction from chestnut blight, as well as being located far from each other, population divergence in allele occurrence was easily observed (Table 1) . Divergences in allele frequency were detected only for alleles Acp-2a and Acp-2b; however, no trends in allele frequency distribution along the natural range were observed.
DISCUSSION
At the species level, the genetic parameters (P, AP, A and A e ) calculated using allozyme data from all populations were consistent with the estimates obtained using only the large populations (MS, FL-B, FL-D, FL-E, VA, VB and OH, with 14±30 trees per population). The expected genetic diversity (H e ) was 0´292 using allozyme data from large populations only vs. 0´296 using all populations.
At the species level, C. pumila var. pumila showed a high level of genetic variation (P s = 72´7, AP s = 2´3, A s = 1´9, A es = 1´5 and H es = 0´296) when compared with levels of allozyme variation in other woody species (P s = 64´7 T 2´7, A es = 1´24 T 0´02 and H es = 0´177 T 0´010), other species with a regional distribution (P s = 52´9 T 2´1, A es = 1´20 T 0´01 and H es = 0´150 T 0´008), with windpollinated species (P s = 66´1 T 2´7, A es = 1´21 T 0´02 and H es = 0´162 T 0´009), and with species whose seeds are dispersed by gravity or animals (P s = 69´3 T 3´5, A es = 1´23 T 0´07 and H es = 1´66 T 0´037) (Hamrick and Godt, 1989) . The results for C. pumila var. pumila are consistent with previous reports of allozyme diversity in other Castanea species (Villani et al., 1991a, b; Huang et al., 1998; Dane et al., 1999; Lang and Huang, 1999 ). The genetic diversity (H es = 0´296) was much higher than that observed for C. dentata (H es = 0´167), which is geographically sympatric with C. pumila var. pumila (Johnson, 1988; Paillet, 1993) , and was similar to that of the closely related C. pumila var. ozarkensis (H es = 0´272). Paillet (1993) studied the distribution, growth form and stem histories of C. dentata and C. pumila var. ozarkensis and pumila, and found that the C. pumila var. ozarkensis was intermediate between C. pumila var. pumila and C. dentata in life cycle Nei's (1978) unbiased genetic distance for 12 Castanea pumila var. pumila populations using allozymes.
and stem forms as well as in resistance to chestnut blight, although only a few signs of possible introgression were found and recognizable F 1 hybrids between C. pumila and C. dentata were relatively rare (Johnson, 1988) . Levels of genetic variation in C. pumila var. pumila were lower than those in C. mollissima (H es = 0´311), but higher than those in C. seguinii (H es = 0´186), and similar to those in C. henryi (H es = 0´261) (Huang et al., 1994; Lang and Huang, 1999) . At the population level, C. pumila var. pumila was less variable than C. sativa (H ep = 0´210±0´27) (Villani et al., 1991a, b) .
Based on allozyme variation, studies of intra-and intercontinental genetic divergence in Castanea in eastern Asia and eastern North America have indicated that C. dentata has similar genetic distances to C. pumila var. pumila (0´328) and C. pumila var. ozarkensis (0´316) (Dane et al., 2003) . However, American Castanea spp. do differ from Asian Castanea spp. Whereas all American Castanea spp. showed the highest distance from C. seguinii (0´709 with C. dentata, 0´749 with C. pumila var. pumila, and 0´833 with C. pumila var. ozarkensis), C. pumila var. pumila showed the lowest distance from C. mollissima (0´674), and C. pumila var. ozarkensis showed the lowest distance from C. henryi (0´654). The evolutionary pathway and phylogeographic structure should be more clearly revealed by studying patterns of plastid DNA polymorphism. Such exploration has been done in other closely related genera and in C. sativa (Dumolin-Lapegue et al., 1997; Fineschi et al., 2000) .
In this study, higher levels of deviation from Hardy± Weinberg equilibrium were detected than in other Castanea species and other woody species (Villani et al., 1991a, b; McDonald and Hamrick, 1996; Kremer and Zanetto, 1997; Huang et al., 1998) . Twenty of the 65 Chi-square tests were signi®cant, indicating drift and non-random mating. This conclusion was veri®ed by our observations that Castanea pumila var. pumila produced few nuts although the trees are primarily wind-pollinated and should cross freely. This was especially evident in several populations at Eglin Air Force Base in Florida, where most trees showed limited nut production. A decrease in population size as a result of chestnut blight and low gene¯ow, as well as non-random mating, are possible causes of such high levels of disequilibrium.
Unlike the strong association between genetic distance and geographic distance observed for C. dentata (r = ± 0´708, P < 0´01; Huang et al., 1998) , a geographic pattern of genetic differentiation in the C. pumila var. pumila populations could not be detected. However, the Florida sandhills showed the most variable genetic resources for C. pumila var. pumila.
The proportion of genetic diversity among populations (30´4 %, G ST = 0´304) was higher than that of temperate species (24´6 %), regional plant species (21´6 %), woody species (7´6 %), wind-pollinated, outcrossing species (9´9 %), species whose seeds are dispersed by gravity or animals (12´4 %), and late-successional species (10´1 %) (Hamrick and Godt, 1989) . It is also higher than that found for C. pumila var. ozarkensis (14´7 %) and other Castanea species, such as C. dentata (11 %), C. sativa (10 %), C. mollissima (7´5 %), C. seguinii (10´9 %) and C. henryi (22´1 %) (Villani et al., 1991a, b; Huang et al., 1998; Dane et al., 1999; Lang and Huang, 1999) . Gene¯ow, estimated in C. pumila var. pumila as less then one migrant per generation [N m (Lang and Huang, 1999) . When only large populations (consisting of more than 20 trees) were used, the proportion of genetic diversity among populations was lower than that estimated using all populations (G ST = 0´217), and gene¯ow was estimated to be higher than the value obtained using all populations (N m = 0´90), although it was still low. Estimates of outcrossing rates of 0´62 for VA to 1´13 for FL-D (Table 4) were similar to those reported for other windpollinated species (Vogler and Kalisz, 2001) .
Population outcrossing rate and gene¯ow estimates indicate that the present genetic diversity in the endangered C. pumila var. pumila populations is predominantly the result of plant history (e.g. glacial refuges, migration) (Geburek, 1997) . Seventy per cent of all allozyme variation was within C. pumila var. pumila populations. In terms of conservation, optimal sampling strategies should focus on the collection of at least one copy of common populational alleles with a frequency greater than 0´05 (Marshall and Brown, 1981) . Thus populations with a high number of alleles per locus should be given priority. For the C. pumila var. pumila populations investigated, populations MS, FL-B and VA harboured a high number of alleles per locus (A = 1´7 for each population), and showed higher genetic diversity. These populations should receive priority for conservation management purposes. For the initial stage of a conservation programmes, sampling eight to 15 trees from population VA and sampling nine to 17 trees from population FL-D would capture at least one to two copies of the common alleles. Since the naturalized OH population showed signi®cantly lower genetic diversity, sampling nuts from a small number of trees at one location only should be avoided. Efforts should be made to promote the propagation of trees using arti®cial supplementary pollination within regions (Dane et al., 1999) . In the long term, carrying out a backcross breeding programme to transfer chestnut blight resistance genes from Asian Castanea species into the American chinkapin will be most promising (Payne et al., 1994) .
